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INTRODUCTION
Acute respiratory distress syndrome (ARDS) is a heterogeneous inflammatory disease of the lungs. It is characterized by focal atelectasis, edema, consolidation, and intrapulmonary shunting of the lungs, which can result in severe hypoxemia. (Cherian et al., 2018) ARDS is, therefore, a critical clinical problem with high mortality and morbidity rates. (Cherian et al., 2018) ARDS occurs due to complex processes in the acute inflammatory response in lungs.
This can be due to a number of direct and indirect events, such as sepsis or ischemia-reperfusion injury. (Sharp et al., 2015) Pro-inflammatory cytokines play an essential role in lung injury. Cytokines are crucial in the recruitment and activation of neutrophils, which result in lung tissue injury. (Sharp et al., 2015) This further results in increased pulmonary permeability and airspaces becoming flooded with fluid. (Sharp et al., 2015) Therefore, ARDS clinically presents with diffuse lung white-out and severe hypoxemia.
Analysis of the exhaled breath condensates (EBCs) is conducted by acquiring samples from the lower respiratory tract and alveoli. (Vaschetto et al., 2015) This analysis can be used to evaluate the composition of inflammatory molecules from the lower respiratory tract and alveoli. (Vaschetto et al., 2015) This technique is straightforward to complete and can be repeated several times during the treatment of ARDS. (Vaschetto et al., 2015) Literatures about the analysis of EBCs in subjects with ARDS are limited. One study revealed that patients with ARDS had lower pH levels of the EBCs, indicating the inflammatory status of the alveoli. (Vaschetto et al., 2015) Furthermore, Liu et al. reported increased concentrations of IL-8 and TNF-α in the EBCs of subjects with ARDS. (Liu et J o u r n a l P r e -p r o o f 4 al., 2015) Since cytokines are important in ARDS, we analyzed the levels of cytokines in the EBCs, bronchoalveolar lavage fluid (BALF) and serum.
Patients with ARDS often present with severe hypoxemia and refractory to supplemental oxygen. One feature of ARDS is lung atelectasis. (Aguiar et al., 2018) The aim of the recruitment maneuver (RM) is to improve hypoxemia. The procedure of RM is applying high trans-pulmonary pressure for a short duration in order to reopen collapsed alveoli and improve ventilation. (Cherian et al., 2018) Clinically, RM can help to treat hypoxemia as it increases the end-expiratory lung volume (EELV), which subsequently improves gas exchange. (Cherian et al., 2018) Therefore, RM has been used in the treatment of ARDS patients for many years. (Cherian et al., 2018) Although RM can improve gas exchange in ARDS patients, multiple clinical studies have failed to demonstrate its benefits to survival. (Hodgson et al., 2016; Walkey et al., 2017; Writing Group for the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial Investigators et al., 2017) Therefore, the effect of using RM to treat ARDS patients remains controversial.
A previous study reported that high transpulmonary pressure might result in generate excessive stress on the lungs. (Godet et al., 2018) This excessive stress may further result in barotrauma or volutrauma. (Godet et al., 2018) Additionally, biotrauma may happen concurrently during RM. Therefore, when RM is applied with extremely high pressure in ARDS patients, this may result in further lung injury.
Although RM has been a popular intervention for ARDS, there are still some concerns regarding its effects. We hypothesized that RM conducted with high transpulmonary pressure could open collapsed alveoli, but might also lead to further J o u r n a l P r e -p r o o f 5 biotrauma with releases of pro-inflammatory cytokines. This study, therefore, was undertaken to investigate the changes of pro-inflammatory cytokines (in EBCs, BALF, and serum), pathological features of alveolar inflammation, gas exchange, and hemodynamics after RM. As far as we know, this is the first study that has been undertaken regarding the changes of cytokines in EBCs and BALF after RM.
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MATERIALS AND METHODS

Animal preparation
The study was approved by the Animal Review Committee of the National Defense Medical Center (Taipei, Taiwan). Pigs with a mean age of 70 to 80 days and a body weight of 21 to 28 kg were used. Initially, anesthesia was administered via an intramuscular injection of 1 mg/kg of zoletil (tiletamine-zolazepam 1:1). A tracheostomy was performed after deep anesthesia without any pain response noted. Mechanical ventilation (Servo 300; Siemens, Solna, Sweden) with a volume-control mode was given after the creation of the tracheostomy. After the establishment of a venous line, general anesthesia was maintained using an intravenous injection of pentobarbital 10-18 mg/kg/hr and fentanyl 10-26 mg/kg/hr. The dosages of pentobarbital and fentanyl were titrated in order to ensure optimal anesthesia levels were met, i.e., no pain response or spontaneous breathing.
Experimental protocol
The animals were divided into three groups, with 6 animals in each group: group I (control), group II (ARDS), and group III (ARDS + RM).
Mechanical ventilation at baseline was set as tidal volume(VT) 12 mL/kg, respiratory rate (RR) 15 breaths per minute (bpm), the fraction of inspired oxygen (FiO2) 0.5 and positive end-expiratory pressure (PEEP) 5 cmH2O. After they were stabilized, baseline measurements (R1) of cytokines, hemodynamics, respiratory parameters and arterial blood gas were obtained.
ARDS was induced through surfactant deactivation which was achieved by using 5% Tween-20 instillation (3 mL/kg) via a tracheostomy tube, (Lan et al., 2014) followed J o u r n a l P r e -p r o o f 7 by setting the mechanical ventilation parameters as VT=8 mL/kg, RR=25 bpm, FiO2=0.5, and PEEP=10 cmH2O. All parameters were then measured one hour after the induction of ARDS (R2).
RM was performed in group III with a stepwise increase in PEEP from 10 cmH2O to 15 cmH2O, 20 cmH2O, and 25 cmH2O with peak pressure of 45 cmH2O. (Yoshida et al., 2018 ) PEEP with 25 cmH2O was maintained for ten breaths followed by a stepwise reduction to 10 cmH2O. All parameters were then recorded one hour after RM (R3).
After completion of the experiment, all animals were exsanguinated while under deep anesthesia.
Physiological measurements
We inserted a Swan-Ganz pulmonary artery catheter through the right external jugular vein. A thermistor-tipped catheter was inserted in the right femoral artery. The thermistor-tipped catheter was then connected to a pulse contour cardiac output (PiCCO) system to measure hemodynamic changes.
Collection of exhaled breath condensates (EBCs)
Liquid condensate from exhaled breath was collected for 60 minutes. The EBC device (Medivac SRL, Italy) and cooling sleeve (-20 ℃) were connected to the expiratory tube of the ventilator. (Vaschetto et al., 2015) The levels of Interleukin (IL)-1β and IL-6 levels were measured in the collected EBCs using a commercial enzyme-linked immuno-sorbent assay (ELISA) kit. Concurrently, blood was collected to measure these cytokines in the serum. Multiple comparisons with the Bonferroni test were performed if significant differences between these phases were apparent. We used one-way ANOVA to compare variables among the three groups of control, ARDS, and ARDS + RM. A p-value < 0.05 was considered statistically significant.
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Gas exchanges after ARDS and the effects of RM
The changes in the partial pressure of arterial oxygen (PaO2), alveolar-arterial O2 gradient (PA-aO2), and partial pressure of arterial carbon dioxide (PaCO2) are shown in Figure 1 . A significant decrease in PaO2 (Fig. 1A) , and an increase in both in PA-aO2 (Fig. 1B) , and PaCO2 (Fig. 1C) were observed after the induction of ARDS (p < 0.05 when compared with the baseline or control group). RM application led to an increase in PaO2, and decreases in PA-aO2, and PaCO2 (p < 0.05 when compared to the ARDS group).
Changes in the expression of cytokines after ARDS and the effects of RM
The changes in the levels of cytokines are shown in Figure 2 . Significant increases were seen in the levels of IL-1β ( Fig. 2A ) and IL-6 (Fig. 2B) in EBCs after the induction of ARDS (p < 0.05 when compared to that of the baseline or control group). RM resulted in further increases in the levels of IL-1β and IL-6 in EBCs (p < 0.05 when compared to the ARDS group). There were also significant increases seen in the levels of IL-1β ( Fig.   2C ) and IL-6 (Fig. 2D ) in BALF after the induction of ARDS (p < 0.05 when compared to the baseline or control group). Furthermore, the RM demonstrated a comparatively higher level of IL-1β and IL-6 in BALF (p < 0.05). A significant increase in the level of IL-1β (Fig. 2E ) and IL-6 (Fig. 2F) was observed in the serum after ARDS was induced (p < 0.05 when compared to the baseline or control group). However, the levels of IL-1β
and IL-6 in the serum were not significantly different between group II and III (p > 0.05).
Systemic hemodynamics after ARDS and the effects of RM
Changes in the systemic hemodynamics are shown in Figure 3 . No significant J o u r n a l P r e -p r o o f 10 differences were found in the mean arterial pressure (MAP) (Fig. 3A) , systemic vascular resistance index (SVRI) (Fig. 3B ), cardiac index (CI) (Fig. 3C) , and global end-diastolic volume index (GEDI) (Fig. 3D ) among the control, ARDS and ARDS + RM groups (p > 0.05 as compared among the three groups).
Pulmonary hemodynamics after ARDS and the effects of RM
The changes in pulmonary hemodynamics are shown in Figure 4 . A significant increase in the mean pulmonary arterial pressure (MPAP) (Fig. 4A ) and pulmonary vascular resistance index (PVRI) (Fig. 4B ) was observed after ARDS was induced (p < 0.05 as compared with the baseline or control group). There were no significant differences in the MPAP and PVRI values between the groups of ARDS and ARDS + RM (p > 0.05).
Lung water and pulmonary vascular permeability after ARDS and the effects of RM
The changes in the extravascular lung water index (EVLWI) and pulmonary vascular permeability index (PVPI) are shown in Figure 5 . There were significant increases in the EVLWI (Fig. 5A ) and PVPI (Fig. 5B) after ARDS was induced (p < 0.05 when compared to the baseline or control group). The values of both EVLWI and PVPI were seen to be significantly lower in the ARDS + RM group (p < 0.05 when compared with the ARDS group).
Pathological features of ARDS
The pathological features of ARDS are shown in Figure 6 . The control group showed normal histology (Fig. 6A) . However, after the induction of ARDS (Fig. 6B) , there was prominent alveolar exudation, neutrophilic sequestration, and inter-alveolar J o u r n a l P r e -p r o o f 13 Finally, the combination of RM and maintenance with PEEP can prevent atelectrauma, which is the repeated opening and closure of the alveoli.(van der Zee and Gommers,
2019)
There are still a number of disadvantages of using RM, such as hemodynamic instability.(García-Fernández, 2018) However, hemodynamic instability is often transient and usually recovers after stopping RM. In this study, we also observed hypotension during RM (data not shown). However, one hour after RM, there were no significant differences noted in the MAP, SVRI, CI, and GEDI among the control, ARDS, and ARDS + RM groups.
Over-distension of aerated alveoli is another issue that can arise from RM. The application of high transpulmonary pressure can over-distend the aerated alveoli, leading to secondary ventilator-induced lung injury. (Godet et al., 2018) It has been demonstrated that lung injury is heterogeneous, with collapsed areas occurring adjacent to aerated areas. (Godet et al., 2018) Application of RM using high pressure aims to reopen the collapsed lung but may over-distend the aerated areas resulting in barotrauma or volutrauma. (Godet et al., 2018) In this study, we firstly found higher expression of cytokines in EBCs and BALF after RM, which is an inflammatory response called biotrauma. It has been reported that high-pressure ventilation stretches alveolar cells, which can then trigger an inflammatory response and the release of cytokines. (Katira, 2019) Cytokines play an essential role in inflammatory responses, and the release of cytokines can result in further lung injury. (Katira, 2019) Additionally, cytokine production not only causes regional lung injury but can also result in multiple organ dysfunction and systemic inflammation. (Katira, 2019) Therefore, when considering the effects of RM, we should consider globally about the positive and negative effects. The positive effects of RM are the reopening of the alveoli, a decrease in heterogeneity, and an improvement in oxygenation. (Cherian et al., 2018) However, there are still many adverse effects, such as hemodynamic instability, alveolar over-distention, (Godet et al., 2018) and biotrauma. (Jia et al., 2018) Therefore, the controversy surrounding the mortality rates of using RM for the treatment of ARDS patients could be due to an imbalance between its positive effects and negative effects.
Clinical implications
We suggest that RM, when conducted using extremely high transpulmonary pressure, may lead to biotrauma with release of cytokines. RM has been prevalent for many years as a management strategy for ARDS patients with severe hypoxemia. However, when applying RM, we still recommend careful consideration of both its positive and negative effects.
Limitations of the study
There are a few limitations in this study. Firstly, we used a porcine model for our research, and these results have not been confirmed in human beings. We found an increased expression of cytokines in EBCs and BALF after RM. This correlation between 
